We classify volcanic products of the 1914 1915 eruption of Sakurajima Volcano into four types according to vesicularity and the texture of plagioclase microlite. Type 1 is white Plinian fall pumice with high vesicularity (> 60 vol%) and low modal content (< 1.0 vol%) and number density (< 10 14 m ) of plagioclase microlite. Type 1 and type 2 pumices were mainly deposited within the lower and middle parts of the Plinian fall deposit, whereas type 3 pumices were mainly deposited in the upper part. Homogeneous chemical features of preeruptive melts of all types of pumices indicate that the observed variations in number density and modal content of plagioclase microlite, as well as the decreasing vesicularity from type 1 to type 3 pumices, are related to a decrease in the decompression rate of magma from early to late stages of the Plinian phase. Residual water contents and degree of vesicularity of Plinian fall pumices suggest a change in the degassing process during the Plinian phase of eruption from minor degassing during the eruption of type 1 pumices to effective degassing during the eruption of type 3 pumices. Differences in microlite texture between type 1 and type 2 pumices of the early to middle stages of the Plinian phase and late stage type 1, 2 and 3 pumices reflect changes in the decompression rate, perhaps related to differences between the central and marginal parts of conduits. A systematic increase in the An content of plagioclase microlites from Plinian fall pumice to Taisho Lava reflects a chemical change in the preeruptive melt from silicic to basic composition related to progressive magma mixing.
INTRODUCTION
Differences in eruption styles, such as Plinian explosion versus lava effusion, are considered to reflect different modes of magma degassing (i.e., gas escape from the system) (Eichelberger et al., 1986; Jaupart and Allègre, 1991) . Jaupart and Allègre (1991) showed numerically that the slow ascent of magma enables efficient degassing that result in effusive eruptions, whereas a rapid ascent of magma prohibits efficient degassing and results in explosive eruptions. The eruption style of silicic magma can vary from explosive to effusive within a single eruption, resulting in various types of volcanic products. Textures of volcanic products, including vesicularity, vesicle texture, and microlite texture, as well as color, and the chemical character of the bulk rock, groundmass glass, and individual minerals record various phenomena that occur during an eruption. Magma mixing and mingling processes during explosive eruptions are recorded by the color and chemical heterogeneity of the bulk rock and/or groundmass glass within volcanic products. For example, chemically and texturally heterogeneous clasts were erupted during the 79 AD eruption of Vesuvius during the Plinian phase of the eruption because of magma mingling (Gurioli et al., 2005) . In contrast, following a study of the products of the 1992 eruption of Crater Peak, Alaska, Gardner et al. (1998) proposed that differences in decom-Textures of plagioclase microlite and vesicles within volcanic products pression rate and degassing processes were responsible for differences in vesicularity, color, and microlite texture among rocks of otherwise identical chemical characteristics.
Vesicle number density is proportional to the 3/2 power of the decompression rate for homogeneous vesicle nucleation (Toramaru, 1995) . The vesicularity of volcanic products changes in response to the degassing process, i.e., closed system gas expansion or escape of gas from the system (Martel et al., 2000) . Furthermore, volatile exsolution from melt increases the liquidus temperatures of melt and consequently can induce the crystallization of microlite (Hammer and Rutherford, 2002; Couch et al., 2003; Martel and Schmidt, 2003) . According to previous decompression experiments, the number density and modal content of microlite change markedly in response to decompression rate, which in turn is related to magma ascent rate. This relationship indicates that the texture of vesicles and plagioclase microlite reflects processes of magma ascent and magma degassing.
The 1914 1915 (Taisho) eruption of Sakurajima Volcano, Kyushu, Japan, represents the largest eruption in Japan over the past 1000 years. The eruption continued for about one year, and erupted Plinian fall pumice followed by the extrusion of lava flows in three stages (Koto, 1916) . The total volume of the volcanic products is ca. 2.0 km 3 (DRE) (Ishihara et al., 1981) . These volcanic products are expected to display varying groundmass glass composition, plagioclase microlite texture, and vesicle texture. The purpose of the present study is to document the transition of the Taisho Eruption in terms of vesicularity, plagioclase microlite texture, and chemical features of groundmass glass composition within the volcanic products. We first classify the volcanic products of the eruption in terms of vesicularity and plagioclase microlite texture. We then discuss the origin of the observed variation in plagioclase microlite texture and vesicularity in terms of chemical features of preeruptive melt compositions and magma ascent processes.
GEOLOGICAL SETTING AND THE 1914-1915 ERUPTION OF SAKURAJIMA VOLCANO
Sakurajima is a volcanic island located on the southern rim of Aira Caldera in southern Kyushu, Japan (Fig. 1 ). Many tephrochronological and 14 C dating studies have documented the activity of Sakurajima Volcano (e.g., Kobayashi, 1986; Okuno et al., 1997; Okuno, 2002) . Eruptive activity at Sakurajima Volcano is classified into three stages: the "Old Kita dake" stage, the "Young Kita dake" stage, and the "Minami dake" stage (Kobayashi, 1986) . Activity during the Old Kita dake stage started about 26 ka BP (Okuno et al., 1997) after a large scale Plinian eruption and pyroclastic flow eruptions that formed the Aira Caldera (Aramaki, 1984) . The Young Kita dake stage began at 11 ka BP (Okuno et al., 1997) , while the Minami dake stage extended over the period 4.5 1.6 ka BP (e.g., Okuno et al., 1997) .
According to historical records, four relatively large eruptions occurred within the last 1000 years of the yama and Ono (1981) . Locations of vents are after Koto (1916) and Ishihara et al. (1985) .
Minami dake stage. These are the Bunmei (1471 1476; note, all the following ages are A.D.), An ei (1779), Taisho (1914 1915 ), and Showa (1946 eruptions (Fukuyama, 1978; Fukuyama and Ono, 1981; Kobayashi, 1982) . The bulk rock chemistry of these lava flows changed systematically from silicic to basic over time, while the core composition of plagioclase phenocrysts changed from unimodal to bimodal over time. These trends are indicative of ongoing magma mixing within the magma chamber (Yanagi et al., 1991) . The 1914 1915 eruption began with seismic activity that started on January 10, 1914 and continued for several days. An explosive Plinian eruption began on January 12, 1914, with Plinian fall pumices erupting first from the western vent, V.w1 ( Fig. 1) (Ishihara et al., 1985) , followed by the eastern vent (Koto, 1916) . During the evening of January 13, lava flows of the Taisho 1 Lava began to extrude from both the western and eastern flanks of Sakurajima Volcano; the extrusion continued for approximately two weeks. On the western flank of the volcano, lava firstly extruded from V.w2 and 3, and then from V.w4 to 7, all of which are situated on the western lower flank of V.w1 (Ishihara et al., 1985) . The eastern vents of the Taisho 1 Lava flow were buried beneath the following lava flows, and their locations are thus obscured. In (Koto, 1916) . The volume of Plinian fall pumice is 0.6 km 3 (not DRE), with 1.34 km 3 of lava flows (Ishihara et al., 1981; Kobayashi, 1982) . Textural and compositional analyses of both Plinian fall pumices and lavas are listed in Table 1 . Plinian fall pumice samples were collected from the Loc.P1 outcrop, which is located about 4 km east of Minami dake, in the Nagasakibana Quarry (Fig. 1) . The thickness of the Plinian fall deposit is ca. 2 m (Fig. 2a) . The size of pumice clasts in the lower part of the deposit is slightly larger than those in the upper part, but there are no sharp breaks in deposition within the deposit. Most pumices within the lower to middle parts of the deposit are white pumices, while both white and darker colored pumices are observed in the upper part of the deposit. Accordingly, we collected samples at 30 cm intervals (samples 0809A to 0809G) from the bottom to the top of the deposit ( Fig. 2a and Table 1 ). The diameters of Plinian fall pumices analyzed for bulk density and residual water content are −3ϕ to −4ϕ (Marsh, 1988) and vesicle texture (number density, vesicularity, and VSDs (Vesicle Size Distributions)) are −2ϕ to −4ϕ (4 16 mm).
The Taisho Lavas are andesitic blocky lavas. The present day surface textures of the blocky lava flows are classified into two categories: clinkery and massive (Fig.  2b) . The massive parts may have cooled slowly during emplacement. To investigate crystallization processes during magma ascent, we analyzed the clinkery parts of lavas, which represent magma that cooled rapidly. At two localities (L. 1 and L. 8), several samples were collected from clinkery and massive lava to compare differences in microlite textures between the two lava types.
ANALYTICAL METHODS

Textural analyses
X ray mapping and BSE (back scattered electron) images for textural analysis were obtained using a JEOL JXA 8900R at the Venture Business Laboratory of Kobe University, Japan. All images were analyzed using Mac Aspect software from Mitani Co. Ltd. Japan. MacAspect can easily calculate many characteristic features of objects such as area, aspect ratio, and geometric mean diameter, which are extracted in response to the choice of threshold in the gray scale spectrum. Pict formatted X ray mapping images and photographs of thin sections were converted into binary images for analysis.
X ray mapping images of Si (Fig. 3 ) were used to determine VSDs and the vesicularity of Plinian fall pumices. Vesicle textures from samples of lava were not analyzed because these vesicles record the coalescence, deformation, collapse, and compaction of vesicles rather than the original vesicle texture. Dwell time at image acquisition was 100 microseconds and resolution of images was 2 μm/pixel to enable a complete analysis of vesicle textures. The total number of pixels is 350 × 350 or 400 × 400, resulting in a total area of 700 × 700 μm 2 or 800 × 800 μm 2 , respectively. At least two images were analyzed for each sample. Vesicles that were apparently coalesced were separated off from the analysis by drawing lines of minimum thickness (1 pixel thickness, representing 2 μm). Estimated bulk vesicularity was converted to groundmass vesicularity by using total phenocryst modes estimated using a point counter (1000 points counted) (Table 1) .
X ray mapping images of Al (Fig. 3) were used to acquire CSD, modal content, number density, and average length of plagioclase microlites. X ray mapping analyses were conducted with 15 kV acceleration voltage, 12 nA beam current, and dwell time of 100 microseconds. The resolution of images was 1 μm/pixel for Plinian fall pumices and 1, 2, and 4 μm/pixel for lava flows to enable a complete analysis of plagioclase microlite texture. The total areas of 1, 2, and 4 μm/pixel images are 300 × 300 μm 2 , 600 × 600 μm 2 , and 1200 × 1200 μm 2 , respectively. We also analyzed 2 μm/pixel, 350 × 350 μm 2 images, for some Plinian fall pumices that contain relatively large microlites. For the CSDs of Plinian fall pumices, at least two images were analyzed for each sample, as some images contained only a few microlites. For CSDs of lava, images of 1, 2, and 4 μm/pixel were analyzed and combined to cover a relatively large size range of microlites. In three samples, ×40 photographs of thin sections were used to analyze the CSDs of plagioclase phenocrysts and to distinguish microlite from phenocrysts. Attached crystals were separated off from the analysis by drawing lines of minimum thickness around them. BSE photo images were used to obtain the modal content of pyroxene and titanomagnetite microlite in the groundmass (Fig. 4) .
We also used MacAspect software to measure width to length (w/l) ratios, the area of each microlite or vesicle, reference area, modal content or vesicularity, and areal number density (Na) of microlites and vesicles. To convert areal number density per unit diameter range (Na(Dxy)) to volumetric number density per unit diameter range (Nv(Dxy)) for VSDs of Plinian fall pumices, we used the method of Sahagian and Proussevitch (1998) . In the present study, all vesicles were approximated as spheres. The geometric mean diameter of vesicles is plotted on the X axes of VSDs. The total volumetric number density was estimated from VSDs as follows:
To convert areal number density (Na) to volumetric number density (Nv), and to obtain the CSDs of microlite, we used the method of Higgins (2000) . We used MacAspect software to measure width to length (w/l) ratios, area, modal content, and areal number density of plagioclase crystals, and estimated the aspect ratio and short (S), intermediate (I), and long (L) axes of plagioclase crystals according to the method of Higgins (1994) . True crystal length (Lt) and crystal width (Wt) were estimated as follows:
and
The volumetric number density of crystals in the length interval Lx to Ly (Nv(Lxy)) was obtained as follows:
where Na(Lxy) is the areal number density of crystals in the length interval Lx to Ly, and Hxy is the mean value for the length interval Lx to Ly. We obtained the population density of crystals (number density per unit volume per unit crystal length) in the length interval Lx to Ly (n(Lxy)) as follows:
The average size (Sn) of crystals was estimated following the method of Hammer et al. (1999) :
where ϕ is the modal content of plagioclase microlite (vol %). In this study, crystal length (Lt) is plotted on the X axes of CSDs for plagioclase. Total volumetric number density (Nv) is obtained as follows:
Glass and mineral composition
Glass and mineral analyses were performed on a JEOL JXA 8900R at the Venture Business Laboratory of Kobe University, Japan. Groundmass glass analyses were conducted under the following conditions: 15 kV acceleration voltage, 12 nA beam current, 5 10 μm beam diameter, and 4 s counting time for Na and 20 s counting time for other elements. Mineral analyses were performed under the following conditions: 15 kV acceleration voltage, 12 nA beam current, focused beam, and 10 s counting time for Na and 20 s counting time for other elements. Background corrected intensities were processed via the Bence Albee method for both glass and minerals.
Measurement of the density and residual water content of Plinian fall pumices
50 pumice samples for each unit (a total of 350 samples) were analyzed for bulk density, while 35 of the 350 samples were analyzed for residual water content. The bulk density of Plinian fall pumices was analyzed at Kobe University, Japan, using a helium pycnometer (Micromeritics Accupyc 1330, Shimadzu Co. Ltd. Japan). First, the total weight of the pumice was measured. The surface of the pumice was then coated with melted paraffin and the volume of the pumice was measured using the helium pycnometer. The bulk density was calculated from the values of pumice weight and volume. Bulk vesicularity was calculated from the equation of Houghton and Wilson (1989) , assuming that magmatic density (melt + phenocryst) is 2500 kg/m 3 , and converted to crystal free vesicularity using the total phenocryst mode.
The residual water contents of Plinian fall pumices were analyzed via the Karl Fisher titration method using an Aquacounter AQ 200 (Hiranuma Co. Ltd. Japan) housed in Kobe University, Japan. Water within samples (about 0.1 0.5 g) was extracted by two step heating. The first step was at 120 °C for at least 12 hours, with the aim of extracting water attached to the surface of the sample. The second step was at 1000 ± 40 °C for approximately half an hour, to extract water exsolved within the sample. Bulk rock water contents were converted to groundmass water contents using total phenocryst modes.
RESULTS
Chemistry of glass and microlite
The phenocryst (> 100 μm in length) assemblage is almost the same in the Plinian fall pumices and lavas (Table 1) : plagioclase + orthopyroxene + augite + magnetite and ± olivine. Olivine phenocrysts are present only in Taisho 2 and 2 Lavas. Plagioclase phenocrysts are divided into four types: high An plagioclase, low An pla- Number in brackets represents one standard deviation.
gioclase, plagioclase with sieved texture, and plagioclase with dusty zoned rims (Yanagi et al., 1991) . The groundmass glass of both Plinian fall pumices and lavas is of rhyolitic composition (Table 2 and Fig. 5 ). The SiO 2 content of groundmass glass from Plinian fall pumices is within the range 68 73 wt%, while groundmass glass from samples of Taisho 1 Lava has a more evolved composition (SiO 2 of 75 78 wt%). The SiO 2 content of groundmass glasses from Taisho 2 and 2 Lavas fall in the range 71 77 wt% and 73 74 wt%, respectively, which are slightly less evolved than glass in Taisho 1 Lava. The CaO, MgO, Al 2 O 3 , and FeO contents of groundmass glass decrease from Plinian fall pumices to Taisho 1 Lava, and slightly increase from Taisho 1 to Taisho 2 and 2 Lavas. The K 2 O contents of groundmass glass increase from Plinian fall pumices to Taisho 1 Lava, and decrease slightly from Taisho 1 to Taisho 2 and 2 Lava.
Microlites (< 100 μm in length) in all samples are orthopyroxene, pigeonite, augite, titanomagnetite, and plagioclase. Most pumices contain pyroxene and titanomagnetite microlites. The modal contents of pyroxene and titanomagnetite increase with plagioclase microlite content. For pumice samples, plagioclase microlite compositions were determined from pumices in which microlite was of sufficient size to analyze by electron probe. The anorthite content of plagioclase microlites from Plinian fall pumices ranges from An 46 to An 50 (Table 3) , while the anorthite content in those from Taisho 1 Lava is approximately An 50 (Table 3) . Plagioclase microlites from Taisho 2 and 2 Lava are, however, approximately An 52 62 (Table  3) , which is more anorthitic in composition.
Density and residual water content of Plinian fall pumices
The bulk density (Fig. 6 ) of pumices varies from the lower to upper parts of the deposit. Most pumices in the lower to middle parts of the deposit have a density of approximately 700 kg/m 3 (vesicularity of 74 vol%). The lightest pumice has a density of 403 kg/m 3 , corresponding to a vesicularity of 85 vol%. In the upper part of the deposit, from sample 0809F (1.5 1.8 m) to sample 0809G (1.8 2.1 m) (Fig. 2a) , the proportion of high density pumices increases; as a result, the average pumice density exceeds 1000 kg/m 3 (vesicularity < 62 vol%). The maximum density of pumice is 1678 kg/m 3 , corresponding to a vesicularity of 35 vol%. Most of the low density pumices are white pumices, while high density pumices of > 950 1000 kg/m 3 (vesicularity of 64 62 vol%) are slightly darker in appearance.
The residual water contents of the groundmass within pumice samples are within the range 0.2 0.6 wt% (Fig. 7) .
Textures of vesicles and plagioclase microlites within Plinian fall pumices
The vesicularity of Plinian pumices is inversely correlated with bulk density (Fig. 6 ). The vesicularity of pumices from the lower to middle parts of the deposit, as estimated from mapping images of Si concentration, is within the range 55 75 vol% ( Fig. 8a and Table 4 ). In contrast, the vesicularity of darker pumices collected from the upper part of the deposit is within the range 25 51 vol%. The values of vesicularity estimated from mapping images are not necessarily the same as those estimated from bulk density because of analytical error (Table 4) . The values of vesicularity of white pumice estimated from bulk density (400 1000 kg/m 3 ) are in the range 60 83 vol%, while values for darker pumice are in the range 34 60 vol%. Values of vesicularity estimated from mapping images are 25 75 vol%. The differences in values of vesicularity estimated from bulk density and mapping images result from the facts that (1) vesicularity estimated from mapping images varies with mapping area and mapping size, resulting in large analytical error (Table 4) , and (2) the treatment of apparently coalesced vesicles also causes differences in estimates of vesicularity. Vesicles that appeared to be coalesced were separated off from the analysis by drawing lines of minimum thickness when estimating vesicularity from mapping images; this caused a reduction in the estimated vesicularity. (Suzuki and Nakada, 2002) , and 2.0 × 10 15 8.2 × 10 14 m −3 for white (microlite free) and gray (microlite bearing) pumice, respectively, erupted during the 1980 1986 eruption of Mt St. Helens (Klug and Cashman, 1994 ; this latter value is smaller than that of white pumice from the lower to middle part of the deposit except for one sample that shows the least vesicularity (Fig. 8a) .
The VSDs for all samples show a linear or slightly convex downward correlation between the logarithm of population density and the geometric mean vesicle diameter. The VSDs of lower vesicularity samples show lower Table 3 . Average plagioclase microlite composition of Plinian fall pumices and lavas Number in brackets represents one standard deviation. population densities at relatively large vesicle sizes compared with higher vesicularity samples; this indicates a change in vesicularity due to the difference in the number density of large vesicles (Fig. 8b) . Another feature of vesicle texture is that all pumices analyzed contain some silica minerals within vesicles.
Plagioclase microlite textures vary markedly between different eruptive units (Table 5) . From the lower to middle parts of the deposit (from samples 0809A to 0809E), the modal content of plagioclase microlite in the groundmass varies within the range 0.1 10.7 vol%. The volumetric number density (number density herein) of plagioclase varies from 2.5 × 10 13 1.1 × 10 15 m −3
. In the upper part of the deposit, the modal content of plagioclase microlite falls within the range 5.9 16.4 vol%. The number density of plagioclase microlite is 2.6 × 10 14 1.8 × 10 15 m −3
, indicating that pumices in the upper part of deposit tend to contain more microlite than those in the lower to middle parts of deposit. The average length of plagioclase microlites is within the range 2.7 6.4 μm.
Plagioclase microlite texture within lavas
Plagioclase microlites within lavas are euhedral and generally equant tabular to skeletal fork shaped. Pyroxene and titanomagnetite microlites are euhedral and some- (Table 6 ), which is a smaller range than that for Plinian fall pumices. The modal content of plagioclase microlite in the groundmass is 16 33 vol%, which is higher than that for Plinian fall pumices. The average length of plagioclase microlite in lavas is 7.1 10.7 μm, which is longer than that for Plinian fall pumices. The modal contents of pyroxene and titanomagnetite microlite are 4.9 10.5 vol% and 0.5 1.1 vol%, respectively (Table 6 ). The number densities of microlite in clinkery and massive parts of lavas show a slight increase from surface clinkery parts to inner massive parts in Loc.L1 Taisho 1 Lava (5.9 7.2 × 10 14 m −3
) and a slight decrease in Loc.L8 Taisho 2 Lava (1.5 1.4 × 10 14 m −3
). The modal contents of microlite increase from surface clinkery parts (24 vol% in Taisho 1 Lava and 27 vol% in Taisho 2 Lava) to inner massive parts of the lava flow (42 vol% in Taisho 1 Lava and 31 vol% in Taisho 2 Lava).
CSDs for plagioclase microlite within Plinian fall pumices and lavas
CSD plots of plagioclase microlite from Plinian fall pumices and lava flows are shown in Figures 9 11. There is a gap in the sizes of phenocrysts and microlite of around 100 μm (Fig. 11) . CSD plots for most samples, except some white pumices, show a linear correlation between the logarithm of population density and crystal length. . The slopes of CSDs from lava flows are shallower than those for Plinian fall pumices, suggesting that size variation of microlite is greater in lava flows that in Plinian fall pumices.
DISCUSSION
Classification of ejecta in terms of vesicularity and plagioclase microlite texture
In this section, volcanic products are classified in terms of vesicularity and plagioclase microlite texture. Plinian fall pumice can be divided into two types in terms of vesicularity: white pumice with high vesicularity (low density), and darker pumice with low vesicularity (high density). While the white pumice is deposited throughout the Plinian fall deposit, the darker pumice is mainly deposited within upper part of the deposit from samples 0809F to Values of vesicularity were calculated from bulk density and phenocryst mode. Values of residual water contents of the groundmass were calculated from water contents and phenocryst mode. 
0809G.
There is no sharp boundary in vesicularity among white pumices. Highly vesicular white pumice, however, can be classified into two types according to plagioclase microlite texture: type 1 and 2 (Figs. 9b and 12) . Hence, Plinian fall pumice can be divided into three types in terms of vesicularity and plagioclase microlite texture. Type 1 pumice is highly vesicular (> 60 vol% estimated from mapping images) white Plinian fall pumice with low modal content (< 1.0 vol%) and number density (< 10 ) of plagioclase microlite.
Differences in plagioclase microlite textures are clearly evident in CSDs for the two types of pumice (Fig.  9b) . Type 1 CSDs show minor size variation of less than 30 μm in length and a low population density at small size (less than 20 μm) compared to the other types, due to low modal content and number density. In contrast, type 2 CSDs show large size variation of up to 80 μm, illustrating the difference between type 1 and type 2 pumices. Darker and poorly vesicular type 3 pumice shows different textural features in terms of vesicles and plagioclase microlite (Fig. 12) ) of plagioclase microlites, and low vesicularity. Although the modal content of plagioclase microlite in lavas is higher than that for type 3 pumices, the number density of plagioclase in lavas is smaller than that in type 3 pumices. CSD slopes for lavas are as steep as those for type 2 pumices, and slight gentler than those for type 3 pumices (Fig. 10) . The CSDs for lavas, however, show that size variations of microlite in lavas are large, up to 120 μm, resulting in the variation in modal content.
There is no sharp boundary in vesicle texture bet- ween type 1 and type 2 pumices despite the large textural variation in plagioclase microlite (Fig. 12) . Highly vesicular white pumices (type 1 and type 2) are deposited throughout the Plinian fall deposit. In contrast, type 3 pumices are rare in the lower to middle parts of the deposit, and are mainly deposited within the upper part of the deposit from samples 0809F (1.5 1.8 m) to 0809G (1.8 2.1 m). Type 3 pumices have different vesicle and plagioclase microlite texture compared to type 1 and type 2 pumices. This indicates that textural differences between white and darker colored pumices reflect differences in syneruptive physical changes and differences in the preeruptive chemistry of the magma. Such physical and chemical changes can even occur during a Plinian phase. For example, chemically and texturally heterogeneous clasts were erupted during the 79 AD eruption of Vesuvius due to magma mingling (Gurioli et al., 2005) . In contrast, during the 1992 eruption of Crater Peak, Alaska, changing eruptive and degassing processes produced two types of texturally different but chemically homogeneous clasts (Gardner et al., 1998) . In the case of the 1914 1915 eruption of Sakurajima Volcano, two reasons for the observed textural change from type 1 and type 2 white pumices to type 3 darker colored pumices and/or lavas are considered to be relevant: (1) chemical changes to the magma (e.g., magma mixing), and (2) changes in the decompression rate from early to late stages of the Plinian phase and the lava effusive phase of the eruption.
Preeruptive melt composition within the magma chamber
We estimated the preeruptive melt compositions of lavas and darker colored pumices from the composition and mode of groundmass glass and microlite mineral (Table 7) . From this, we evaluate the effect of chemical heterogeneity (induced by magma mixing) on textural differences observed in the volcanic products. The compositions of groundmass glass and calculated preeruptive melt compositions within the magma chamber are shown in Table 2 and Figure 5 . The SiO 2 contents of groundmass glass from type 1 and 2 pumices are 67 70 wt%. Preeruptive melt compositions of type 1 and type 2 pumices are similar to the groundmass glass compositions, because type 1 and 2 pumices show lower modal content of microlite (Fig. 12) . The preeruptive melt composition of type 3 pumice and Taisho 1 Lava are 67 70 wt%, indicating that microlite crystallized from chemically homogeneous melt in these rock types. Preeruptive melt compositions of Taisho 2 and Taisho 2 Lava are 64 69 wt% and are slightly more basic than those of Plinian fall pumice and Taisho 1 Lavas. A change in preeruptive melt composition from silicic to basic is considered to reflect progressive magma mixing (Yanagi et al., 1991) , which is also evident in the variable An content of plagioclase microlite within lavas. Hence, these results suggest that textural differences among type 1 and type 2 white pumice, type 3 darker colored pumice, and Taisho 1 Lava are not due to chemical heterogeneity of the preeruptive melt induced by magma mixing, but reflect variability in the decompression rate during the Plinian phase to early effusive phase of the eruption. Chemical heterogeneity of the preeruptive melt, as induced by magma mixing during the late stages of the effusive phase of the eruption, is reflected in the An contents of plagioclase microlite rather than in the texture of the plagioclase microlite.
Variation in the decompression rate of magma during the eruption
First, changes in the decompression rate is discussed in terms of microlite texture; however, before discussing the relation between plagioclase microlite texture and decompression rate, the effect of cooling induced crystallization after eruption from the vent must be considered. In the case of Plinian eruptions, relatively small volcanic products are quenched rapidly soon after being ejected from the vent; this indicates that crystallization of microlite occurs mainly within the conduit. In contrast, for lava effusion, microlite crystallization can occur during emplacement. We examined textural variation in plagioclase microlite within clinkery parts of blocky lavas, massive parts of blocky lavas, and massive parts of sheet like lavas at the same locality to determine crystallization processes during emplacement. Modal contents of microlite in clinkery parts of blocky lava, massive parts of blocky lavas, and massive parts of sheet like lava differ markedly, especially in Taisho 1 Lava at site L. 1, despite the minor variation in number density of plagioclase microlite (Table 6 ). This indicates that the crystallization process during emplacement mainly involves renewed growth of pre nucleated microlite. Previous decompression experiments indicate that crystallization is induced by decompression and that modal content and number density of microlite change in response to the amount of decompression (∆P) and decompression rate (∆P/∆t) (Hammer and Rutherford, 2002; Couch et al., 2003; Couch, 2003; Martel and Schmidt, 2003) . Figure 13 shows the logarithm of ∆P/∆t against the logarithm of number density plot for the MSD (Multi Step Decompression) experiment. Compiled data of MSD experiments are from Couch et al. (2003) (Fig.  13) . Number densities were calculated from areal number density and modal contents using Equations (6) and (7). The low number density of microlite is caused by low ∆P/∆t during the MSD experiment and small ∆P. The logarithm of number density is proportional to the logarithm of ∆P/∆t in the MSD experiment (Fig. 13) . Assuming that initial water content and magmatic temperature are 3.3 wt% and 950 °C, respectively, as estimated by Sekine et al. (1979) , and that the depth where magma was saturated with H 2 O is 3.2 km (80 MPa) beneath the Aira Caldera, then the ∆P of Plinian fall pumices of all types, as estimated from residual water contents of ca. 0.4 Table 5 . (Continued) wt% (Fig. 7) is approximately 75 MPa. It is expected that the ∆P of lavas is slightly larger than that of Plinian fall pumices. Applying the experimental result to textural changes observed in the volcanic products, the decrease in number density of microlite from type 3 pumice to Taisho 1 Lava is interpreted to represent a decrease in the decompression rate of magma from the late stages of the Plinian phase to the time of effusion of Taisho 1 Lava. However, it is difficult to explain the textural differences between type 1 and type 2 pumices and other rock types. The highest decompression rate in the MSD experiments (13.8 MPa/h, crystallization time is 8 hours in this case) corresponds to an ascent rate of 0.15 m/s, assuming that ∆ P/∆t is equal to the ascent rate of the magma. The ascent rate may be larger than this value in the case of the early to middle stage Plinian eruption. Microlite free pumices observed from the large pyroclastic eruption at Mt Mazana (Klug et al., 2002) or large Plinian eruptions such as the 1980 1986 Mt St. Helens eruption and 1991 Mt Pinatubo eruption (Cashman, 1992; Hammer et al., 1999) are also interpreted as resulting from high ∆P/∆t. Extremely high values of ∆P/∆t result in a low number density, indicating disequilibrium in crystallization. Type 1 pumices had little time to crystallize plagioclase microlite during the rapid ascent of magma because of a time lag between H 2 O exsolution and accompanying crystallization (approximately < 40 min or 1 4 h) (Hammer et al., 1999; Couch et al., 2003) . The intermediate number density of microlite in Taisho 1 Lava is due to the low decompression rate of magma despite the large magnitude of overall decompression. In addition, crystals grow during magma ascent and emplacement, resulting in a high modal content of plagioclase microlite in lavas compared with Plinian fall pumices.
While the number density of plagioclase microlite increases from type 1 pumice to type 3 pumice, vesicularity decreases. A decrease in microlite number density within type 3 pumice is proportional to the decrease in vesicularity (Fig. 12) , expect for the most vesicular sample. These results suggest that vesicle textures are also related to the decompression rate.
Vesiculation and degassing processes within magma
We estimated a change in decompression rate from vesicle texture. The number density of vesicles in the volcanic products is proportional to the 3/2 power of decompression rate for homogeneous vesicle nucleation (Toramaru, 1995) . In the case that volcanic products preserve the original number density of vesicles, vesicle number density is a useful indicator of changes in the decompression rate. Vesicle textures of all types indicate that the observed number densities do not necessarily record the original number densities at the time of nucleation, suggesting that for such a sample it is not appropriate to discuss relative changes in decompression rate in terms of number density. For example, deformed vesicle shapes in type 1 and type 2 pumice from samples 0809A to 0809E appear to have experienced coalescence and collapse; however, these textural features suggest that the vesiculation and degassing process might vary during the Plinian phase of eruption due to physical changes in the ascending magma. Type 3 Plinian fall pumices collected from upper parts of the deposit show lower vesicularity, thicker vesicle walls, irregular vesicle shapes, and large variations in number densities. The main difference in VSDs between type 3 pumices and other types (type 1 and type 2 pumices) is mainly the difference in the number density of large vesicles. While highly vesicular pumices (type 1 and type 2) contain relatively large vesicles, poorly vesicular type 3 pumices contain fewer large vesicles. These observations may indicate that large vesicles collapsed or that volatiles escaped from magma. The H 2 O content of Plinian fall pumices is about 0.4 wt% (Fig. 7) , while the preeruptive H 2 O content of the magma is estimated to be ca. 3.3 wt% (Sekine et al., 1979) . If degassing and expansion of the magma occur in a closed system and under equilibrium conditions, the numerically expected vesicularity (α) is more than 90 vol% (Fig. 7) , exceeding the traditionally accepted "fragmentation vesicularity" of 75 80 vol% (e.g., Sparks, 1978) . Here:
where V g is the volume of expanded gaseous H 2 O and V m is the volume of melt. These values are defined as follows:
Here, n is water solubility (wt%), as calculated from the equation of Moore et al. (1998) using the estimated matrix glass composition of Plinian fall pumices. R is the gas constant (8.31 J/mol/K), P is pressure (Pa), n is mole wt% of H 2 O vapor, and T is magmatic temperature. For T, we used 1223 K, as estimated by Sekine et al. (1979) . ρm is melt density, for which we used 2400 kg/m 3 , as esti- All data are normalized to total 100 wt%.
mated from the equation of Lange and Carmichael (1990) . The values of vesicularity calculated from bulk density are lower than the calculated values, suggesting that open system degassing occurred during the eruption (Fig.  7) . Additional evidence for open system degassing is the existence of silica minerals in vesicles. Hoblitt and Harmon (1993) and Martel et al. (2000) noted that silica minerals in vesicles may precipitate during the degassing of volatiles from vesicles and indicate open system degassing.
Open system degassing requires a gas flow from vesicles out of the magma column into basement rocks or upward through the conduit (Eichelberger et al., 1986) . Hence, the degree of degassing can be controlled by the decompression rate and relative magma/conduit permeability. Rhyolitic melt becomes permeable to gas flow in the vesicularity range of 60 70 vol%, in which vesicles easily collapse (Westrich and Eichelberger, 1994) . It is therefore considered that all pumices may have undergone a two stage vesiculation: the first stage involves closed system expansion of vesicles until vesicularity of 60 70 vol% (around 15 MPa in this case), followed by gas escape from the magma. Magma erupted as type 1 or type 2 pumice certainly reached a vesicularity of 60 70 vol%, at which point it was potentially permeable. Minor degassing occurred during magma ascent and fragmentation occurred upon reaching a vesicularity of 64 83 vol%. In the case of type 3 pumice, effective degassing and foam collapsing of magma occurred upon reaching a vesicularity of around 60 vol%; consequently, final products had a vesicularity of 34 64 vol%. Both changes in decompression rate and relative magma/conduit permeability may enhance effective degassing. A decrease in decompression rate induced more effective degassing for type 3 pumice, resulting in a decrease in vesicularity; this is consistent with inferences drawn from the texture of plagioclase microlite.
Eruption model
By combining textural data from the volcanic products, stratigraphy of the Plinian fall deposit, and historical records of the eruption, we have reconstructed the eruption sequence of the 1914 1915 eruption (Fig. 14) . During the early to middle stages of the Plinian phase, type 1 and type 2 white pumices erupted largely synchronously at the highest decompression rate during the entire phase of the eruption. The high decompression rate of the magma prohibited efficient decompression induced crystallization of microlite, resulting in low to intermediate modal content and number density of plagioclase microlite. Textural differences of microlite in type 1 and type 2 pumice reflect minor differences in the decompression rate of the magma. One possible interpretation of the origin of the differences between type 1 and type 2 pumices is slight differences in the decompression rate of the magma, perhaps due to differences between the centers and margins of conduits (e.g., Taddeucci et al., 2004; Gurioli et al., 2005) (Fig. 14A) . In such a model, type 1 pumices would have ascended in the center of conduit, while type 2 pumices ascended along conduit margins. It is possible that there exists a region of annular flow at the transition from bubbly to particle laden gas jet flow, where variations in the ascent velocity of magma may occur (Jaupart and Tait, 1990) . A slightly lower decompression rate near the margin of the conduit provides more time for the crystallization of microlite, resulting in a higher modal content and number density of plagioclase microlite in type 2 pumices, despite their similar vesicularity to type 1 pumice.
During the late stages of the Plinian phase of the eruption, the proportion of type 1 and type 2 white pumices decreased and type 3 darker colored pumice first erupted. The differences between type 3 pumice and type 1 and type 2 pumices reflect a decrease in decompression rate rather than chemical heterogeneity related to magma mixing. Lower values of vesicularity in type 3 pumices reflect the degassing of volatiles and are interpreted as a decrease in the decompression rate of the magma, consistent with interpretations derived from microlite texture. The decompression rate is proportional to the eruption rate and/or the 4 power of the conduit radius. According to historical records, the intensity of the Plinian eruption decreased during the afternoon of January 13, 1914 (Kobayashi, 1982) . During the 1914 1915 eruption of Sakurajima Volcano, many vents were created as the eruption style shifted from explosive to effusive (Koto, 1914) . These observations suggest a possible change in eruption rate and/or decrease in conduit radius during the late stages of the Plinian phase of the eruption, resulting in a decrease in the decompression rate and increase in the proportion of type 3 pumices. Type 1 and type 2 pumices erupted at this time may represent magma that ascended rapidly within the central parts of conduits. Pumice that contains the highest number density of microlite records a vesicularity of 40 50 vol%, indicating that the nucleation of microlite occurred effectively during the late stages of the Plinian phase. A decrease in microlite number density within type 3 pumice is proportional to the decrease in vesicularity, except for the most vesicular type 3 pumice. The number density of microlite within the least vesicular type 3 pumices is almost the same as that in lavas, indicating that during the late stages of the Plinian phase the decompression rate of type 3 pumices decreased to a rate similar to that of lavas.
During the effusive phase of the eruption, the preeruptive melt composition of magma became increasingly basic due to magma mixing. It is therefore not suitable to compare the change in decompression rate with pumices in terms of microlite texture. The effect of chemical heterogeneity within the preeruptive melt, however, is reflected in the An content of plagioclase microlite rather than in the texture of plagioclase microlite (Fig. 14B) .
SUMMARY
Volcanic products of the 1914 1915 eruption of
Sakurajima Volcano are classified into four types according to vesicularity and plagioclase microlite texture. 2. Textural differences among Plinian fall pumices are due to differences in decompression rate. Type 1 and type 2 white pumices, with high vesicularity and low to intermediate modal content and number density of plagioclase microlite indicate that the decompression rate of magma decreased during the early to middle stages of the Plinian phase of the eruption. In the upper part of the deposit, the proportion of type 1 and type 2 white pumices decreases and that of type 3 darker pumice increases, indicating that the decompression rate of magma decreased during the late stages of the Plinian phase of the eruption. Differences in microlite texture between early to middle stage type 1 and type 2 pumices and between type 1, 2 pumice and type 3 pumice during the late stages of the Plinian phase reflect minor differences in the rate of magma ascent, perhaps differences between the central and marginal parts of conduits. 3. Chemical changes in the preeruptive melt from silicic to basic composition, which were induced by magma mixing during the late stages of the effusive phase of the eruption, are reflected in the An content of plagioclase microlite rather than in plagioclase microlite texture.
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